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Abstract
MMC wires are ceramic fibre reinforced metal matrix com-
posites produced by continuous infiltration method (Blucher
process). During the MMC (Metal Matrix Composite) wire pro-
duction it is possible to change the applied infiltration pressure
which overcomes the poor wetting behaviours between the ce-
ramic reinforcement and the molten metal. The changing of in-
filtration pressure has influence on the mechanical properties by
the porosity of MMC wires.
Keywords
MMC wire · double composite · pressure infiltration
Acknowledgement
This work was supported by the Hungarian Scientific Re-
search Fund:.K69122. Special thanks to Professor J. T. Blucher
and I. N. Orbulov for their kind help.
Imre Kientzl
Department of Materials Science and Engineering, BME, H-1111 Budapest,
Mu˝egyetem rkp. 5., Hungary
e-mail: imre@eik.bme.hu
Árpád Németh
Department of Materials Science and Engineering, BME, H-1111 Budapest,
Mu˝egyetem rkp. 5., Hungary
János Dobránszky
Research Group for Metals Technology, MTA, Hungary
e-mail: dobi@eik.bme.hu
1 Introduction
The aim of our work was to determine the relationship be-
tween the applied infiltration pressure and quantity of unfilled
voids in continuous pressure infiltrated metal matrix compos-
ite (MMC) wires. In addition tensile tests were carried out to
come to know the effect of infiltration pressure on the mechani-
cal properties as well.
In case of continuous process which is a pressure infiltration
method it is possible to control the parameters of production for
example pulling velocity, fibre and alloy (matrix) combination
and diameter of the composite wire (MMCW). During the pro-
cess the melt penetrates into the fibre bundles due to the pressure
[1]. The continuous infiltration technique prevents fibre degra-
dation and greatly increases yield by virtue of the quick trans-
port of fibres through a molten metal bath under pressure [2].
Blucher et al. described the details of the continuous pressure
infiltration technique [3–5].
The Blucher-process provides practical application of fibre
reinforcements in aluminium structural elements. Apart from
using them directly as tension type load carrying elements or
combining them into sandwich structures, a major potential ap-
plication is preferential reinforcement of Al or Mg castings. The
two major difficulties encountered during direct fibre reinforce-
ment of cast parts, the required high infiltration pressure and the
tendency of the reinforcing fibres to float away from their in-
tended place, are eliminated when the fibres are introduced into
the casting in the form of prefabricated MMC wires [6]. The
MMC wire reinforced composites are called double composites.
Another method for double composite fabrication is extrusion,
which was described by Weidenmann et al. [7]
In a non-wetting metal/oxide system some impetus must be
applied to overcome the interfacial energies during the produc-
tion process of metal matrix composites. There are some the-
oretical calculation methods to estimate the necessary infiltra-
tion pressure for composite wire production. In the case of
continuous pressure infiltration the threshold pressure of infil-
tration is normal to the fibres’ axes. Kaptay’s equations describe
the threshold pressure as a function of the contact angle and
smallest separation of the fibres divided by the fibre diameter
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[8]. The threshold pressure of non-wetting liquids is found to
be inversely proportional to the smallest gap between the fibres
although it is commonly believed to be inversely proportional
to the diameter of the fibres. Four different cases were distin-
guished based on the wettability of fibres and the spaces between
the fibres and the equations of threshold pressures were worked
out for all these cases [8].
Matsunaga et al. present another way to produce composite
wires, which is the ultrasonic infiltration method [9, 10].
Composites which contain more than one reinforcing or ma-
trix material are called hybrid composites [11]. The mechanical
properties and wettability can be increased via use of more than
one type of appropriate reinforcement.
2 Methods
The composite wires contained 3750 filaments. Nextel 440
ceramic fibre [12] reinforced aluminium (Al 99.5) matrix com-
posite wires of 1 mm diameter were fabricated by continuous
process. The sizing of the filaments were removed by burning at
800˚C.
In the pressure chamber the infiltration pressure was altered in
steps. The applied pressures were 0.83 MPa (120 psi), 1.03 MPa
(150 psi), 1.24 MPa (180 psi), 1.52 MPa (220 psi), 1.65 MPa
(240 psi). The distribution of the fibres can randomly change
therefore 10 samples were examined in each lot so as to de-
crease the effect of variance in fibre distribution. The pulling
velocity was 15 m/min, consequently, the exposure time (time
what the fibres spent in molten metal) was approximately 0.2 s.
The samples were examined by optical microscopy and tensile
test.
Samples were polished for optical microscope analysis and
taking micrographs. It is important to avoid damage of the con-
tour of ceramic fibres during metallographic preparation to en-
sure the precision of the measurements, so diamond suspensions
were used for the last grinding steps. High resolution images
were needed for precise analysis of the total cross section, which
were obtained by taking a number of partial micrographs. Mi-
crographs with overlapping edges were needed for easier fitting.
Alignment of the pictures and removal of the inhomogeneous
background was carried out with image editor software [13].
It is not possible to determine the volume fraction of the non-
infiltrated voids with a direct method because the colour of the
fibres is similar to the colour of the pores in the picture (because
the contours of fibres are damaged). Therefore pores and fibres
were marked with the same colour. Accordingly, the aluminium
matrix was marked as white while the fibres and pores as black.
It is important to save the picture files in lossless format to avoid
the blur of the colours. Further information can be found about
image analysis of micrographs in the literature [13].
Measurement errors due to grinding can be causes by the fol-
lowings:
• the metal matrix covers the fibres
• the splintering of the ceramic fibres
Measurement errors can also arise by reason of image pro-
cessing as follows:
• alignment of the pictures
• separation of the MMCW from the background in the picture
• separation of the matrix, reinforcement and pores from each
other (matrix = white; remaining area = fibres and pores =
black)
The “volume fraction” mentioned herein is actually the pro-
portion of the investigated component in the micrograph that is
equivalent to its volume fraction.
In the case of double composites the volume fraction of fibres
must be less than in the case of reinforcing composite wires be-
cause of the gap between the composite wires to be filled with
the secondary matrix.
The preparation ofMMCwire samples is necessary for tensile
test to avoid the breakage by the clamps. To achieve this both
end of the specimens were stuck into copper tubes. The stuck
length was 30 mm to secure the sufficient force delivery. Instron
universal testing machine was used with computer aided data
recording. For the examinations five 150 mm long specimens
were used from each lot.
3 Results and discussion
Fig. 1. Threshold pressure as function of the contact angle and smallest sep-
aration of the fibres divided by the fibre diameter
The threshold pressure was calculated and plotted as function
of the contact angle and relative gap between the fibres (Fig. 1),
based on Kaptay’s method. The distance between the filaments
in composite wires varies within a wide range but the fibres are
generally in contact with each other. The ultimate value for the
space between the dimensionless fibres is due to the roughness
of their surface, which is never zero, and thus the calculated
threshold pressure can never reach infinity.
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Fig. 2. Effect of the infiltration pressure on the porosity
The relative gap between the fibres varies within a wide range
in case of composite wires. Relative gap is the smallest separa-
tion of the fibres divided by the fibre diameter. In general, the
gap equals the surface roughness of the fibres but in some cases
the gap is several times larger than the diameter of the fibres.
Cross-section of the applied Nextel 440 alumina fibres is oval
in shape (longitudinal axis is 14 µm, transverse axis is 8 µm).
Therefore, Kaptay’s method, which was developed for round fi-
bres, is suitable only for approximate calculations. Kaptay pro-
vides a standard value for changing relative gap. According to
this the smallest relative spaces between the fibres is in the range
of 0,0-0,1. Appropriate image analysis method [14] is necessary
to get more accurate determination of the relative gap between
the fibres. The contact angle between aluminium and alumina
(which is the main component of Nextel 440 ceramic fibres) was
approximately 140˚ at the production temperature of composite
wires (720˚C) [15]. The contact angle can be smaller than 140˚
depending on the fact whether there is an oxide layer on the sur-
face of the liquid metal or not [16, 17]. In case of continuous
processes the source of oxygen is the air trapped between the
fibres. For the calculations the surface tension was considered
0.6 J/m2. Fig. 1 shows the results of these calculations.
Fig. 2 shows the micrographs of the cross-sections of compos-
ite wires. These composite wires were produced under different
pressure. The black areas in the pictures are the unfilled pores.
The increase of the infiltration pressure decreases the area of
the dark, unfilled pores (Fig. 2). In the experiment, it was not
possible to increase the pressure above 1,65 MPa at the given
production speed. The lowest pressure applied to the examined
composite wires was 0,83 MPa because under this pressure the
resulted composite wires did not contain enough aluminium to
hold the fibre boundle together and no reliable volume fraction
measurement could be carried out.
The characterisic of the changing porosity can be determined
with an average value. The area of aluminium can be measured
accurately in the pictures. Accordingly, Fig. 3 shows the relative
Fig. 3. Relative volume fraction of Al as function of infiltration pressure
aluminium volume fraction, which was measured in the cross-
sectional photos as function of the infiltration pressure with the
error of the measured value. The relative aluminium volume
fraction can be obtained from the correlation of the measured
value to the theoretical maximum. The theoretical maximum
value is the difference of average area of the composite wire and
the area of fibres.
The porosity is decreasing with the increasing of infiltration
pressure. These observations are only valid in the examined in-
filtration pressure range (0.83 MPa-1.65 MPa).
Fig. 4 shows the results of the tensile tests. The initial cross-
sections were determined from the measurements of micro-
graphs. The composite wires which were produced with 1.03
MPa (150 psi) infiltration pressure give us the highest UTS (Ul-
timate Tensile Strength). With this production set up the cross-
section areas are the smallest, so the high UTS can cause the
relative small cross-section area. On the other hand on 1,034
MPa infiltration pressure resulted maximum tensile force also.
The infiltration pressure takes effect on the cross-section area of
the composite wires and the cross-section areas have minimum
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Fig. 4. UTS and cross-section area as function of infiltration pressure
value depending on the infiltration pressure. Forasmuch in the
composite wires the strength of the fibres is dominant so if there
are not significant changes in the tensile force the changing at
the cross-section area is enough to explain the results.
4 Conclusions
Ten samples were taken of all five lots for the examinations.
These composite wires were made under five different infiltra-
tion pressure conditions. The fibres with pores were separated
from the matrix based on their colours via image editor soft-
ware. The number of pixels from a given colour is proportional
to the volume fraction of the given component. The results were
plotted with their errors. Based on the graph the relationship be-
tween the pressure and porosity was determined. This relation-
ship is linear (porosity inversely proportional to the infiltration
pressure) in the examined pressure range.
The maximal ultimate tensile strength arises with 1,034 MPa
infiltration pressures which are different from our expectations,
thanks to the decreased cross-section area.
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